The processes of phase formation by heating of a mechanically activated mixture of Ti + TiO 2 in different atmospheres (air, argon, hydrogen) 
Introduction
A series of non-stoichiometric oxides exist with the general formula of Ti n O 2n-1 (where n = 4-10) in titanium oxides, which have high conductivity compared with the conductivity of graphite. Therefore, they are of great practical interest.
The composition-temperature diagram for the Ti-O system is shown in Fig. 1 [1] . One can see that the boundaries of the existence of these compounds are very narrow; they cover the range from 63.6 to 65.3 at.% of oxygen. It is accepted that transition from one compound to another is continuous in some cases. These compounds are called Magneli phases (in honor of Magneli A. who started investigating compounds of this type in 1959). All of them possess a triclinic system; lattice parameters of these structures are rather close to each other, which lead to difficulties in solving their X-ray spectra. The data on cell parameters of Magneli phases are shown in Tab. I [2] . Fig. 1 The diagram of state for the titanium-oxygen system (according to Wahlbeck and Gilles [1] ).
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Tab. I Cell parameters for the Magneli phases according to data of [2] . [3] . Different methods exist for obtaining Magneli phases. The following methods are used the most: high-temperature decomposition of TiO 2 , reduction of TiO 2 by hydrogen, and sintering of a Ti + TiO 2 mixture in vacuum.
The authors of [4] investigated the effect of high-temperature annealing on the extent of decomposition of leucoxene concentrates in weakly oxidizing and reducing atmosphere in a furnace. At the annealing temperature of 1200ºC (exposure time 30 min.) rutile is substituted by Ti 6 O 11 , at 1250ºC the anosovite phase Ti 3 O 5 appears and its content becomes predominant at 1300ºC.
The Ti 4 O 7 phase was obtained by annealing of TiO 2 in the atmosphere of hydrogen at 1050ºC during four hours [5] . Samples with higher oxygen content can be obtained with decreased annealing time in a reductive atmosphere.
Samples with a non-stoichiometric composition of variable oxygen content can be obtained by agglomerating Ti and TiO 2 in vacuum [6] . Synthesis of samples was performed in vacuum at a pressure of 0.0013 Pa (10 -5 mm Hg), with intermediate fraying of the agglomeration products every 20 hours. The titanium and oxygen content of the samples was determined using the mass increase after oxidation of the samples in air into TiO 2 . Specific resistance of the resulting samples changed from 2 to 4 µΩ m at room temperature. One can see in the above review that all the methods for obtaining non-stoichiometric oxides are rather complicated and lengthy, which holds back wider use of the indicated compounds with high conductivity.
The present investigation deals with the development of a more efficient method of obtaining the indicated phases on the basis of solid-phase reduction of titanium dioxide by metallic titanium during mechanical activation of the mixture in grinding devices. This method is increasingly widely used for obtaining composite materials based on oxides and metals [7] .
Experimental Procedure
Mechanical activation of the mixtures was performed in a planetary mill at the acceleration of 40g. The activation time was 15 min. Titanium jars were used. The amount of powder loaded into the mill was 10 g, while the mass of balls made of titanium carbonitride, 10 mm in diameter, was 200 g.
Two types of samples were pressed using the obtained powder: discs 18 mm in diameter and 5 mm thick, and rectangular samples with dimensions of 40 x 15 x 5 mm. The pressing force was 200 kg/cm 2 . Glycerol solution (25 %) in water was used as a binder.
The samples were then subjected to reductive treatment. In order to reduce TiO 2 to non-stoichiometric compositions corresponding to Magneli phases, a Ti + TiO 2 mixture (50 mol.% each) was prepared and annealed in argon and in hydrogen. The samples were annealed in an industrial furnace. The sample heating time, exposure to the required temperature, and cooling time were approximately equal to each other. ___________________________________________________________________________
Results and Discussion
The X-ray data obtained are presented in Fig. 2 for samples annealed in argon. One can see that the reduction of titanium dioxide by titanium proceeds during annealing in argon. During annealing at the temperature of 800ºC, the Ti 2 O 3 phase starts to form. At increased temperature up to 1000ºC, rutile is almost completely reduced to form Ti 2 O 3 , giving the corresponding black coloring. Fig. 2 Transformations in the titanium-rutile system depending on the annealing temperature in argon: a) initial mixture after mechanical activation; b) annealing at 800ºC for 3 hours; c) annealing at 1000ºC for 3 hours. Fig. 3 Transformations in the titanium-rutile system depending on the annealing temperature in hydrogen: a) initial mixture after mechanical activation; b) annealing at 800ºC for 40 min; c) annealing at 900ºC for 1 hour; d) annealing at 1000ºC for 1 hour; e) annealing at 1000ºC for 2 hours.
In order to further improve the conditions of rutile reduction, the samples were annealed in hydrogen. One can see in Fig. 3 (showing the X-ray data) that the reduction was accelerated substantially and preceded towards formation of Ti 4 O 7 phase, followed by Ti 3 O 5 . At first, the shape and intensity of reflections of the initial product changed noticeably and the formation of the Ti 4 O 7 phase started (Fig. 3b) . After exposure to 900°C increased to one hour, the amount of the Ti 4 O 7 phase increased noticeably. After annealing for one hour at the temperature of 1000ºC (Fig. 3d) The tablets pressed from this powder had a density of 2.6-2.8 g/cm 3 and conductivity of about 10 2 S. Thus, this material can be considered suitable for use as a ceramic electrode material.
Annealing of the mechanically activated mixture of Ti + TiO 2 in air resulted in oxidation to TiO 2 .
Conclusion
We have developed a method for the synthesis of Ti 4 O 7 . However, the achieved results show that the conditions for obtaining a monophase product composed of this phase are rather rigid.
The mechanically activated Ti + TiO 2 mixture (1:1) is transformed into the most highly conductive Ti 4 O 7 phase by annealing for one hour at a temperature of 1000ºC.
